Innate immunity is now known to impact tissue metabolic responses with members of the Toll-like receptor 2 and 4 (TLR 2/4) family implicated in dyslipidemia. However, the impact of other TLR proteins on metabolic regulation has remained poorly understood. In this issue of Diabetes, Strodthoff et al. (1) provide interesting new evidence that TLR3 regulates glucose metabolism though the modulation of insulin levels in both rodents and humans. These findings reveal a new area of investigation in regulating glucose metabolism beyond fatty acid modulation of TLR 2/4 that may have the potential to reveal novel therapeutic targets.
TLRs are critical to the regulation of innate immune responses. TLRs are transmembrane proteins that contain leucine-rich repeat domains capable of binding to conserved pathogen-associated molecular patterns (PAMPs). The PAMPS are comprised of bacterial, parasitic, or viral components, and the binding of these PAMPS to the extracellular domain of TLRs results in the activation of intracellular adaptor molecules. The two most common and studied downstream molecular adaptors are the myeloid differentiation factor 88 (MyD88) and Tollinterleukin-1 receptor domain-containing adapter-inducing interferon-b (TRIF). Almost all identified TLRs signal through MyD88 except for TLR3. In contrast, only TLR3 and TLR4 signal via TRIF (2) . The activation of MyD88 and TRIF results in a signaling cascade that leads to the formation of proinflammatory mediators. TLR3 is able to recognize double-stranded RNA, which induces a TRIF signaling cascade that results in the activation of the inflammasome and subsequent interleukin-1b-mediated responses as well as the increased expression of type I interferons that aid in the control of viral pathogens (3, 4) . Although TLRs are classically associated with infectious insult, it is now clear that they are key regulators of inflammatory responses observed during metabolic diseases (5). There is evidence that TLRs are able to recognize excess lipids in the forms of free fatty acids and modified LDLs, mostly via TLR2 and/or TLR4 activation (6, 7) . The recognition of these lipids causes chronic lowlevel inflammation that contributes to disease progression of type 2 diabetes, metabolic syndrome, and cardiovascular disease. Recently, it has been suggested that TLR3 recognizes mRNA during tissue necrosis (8) . Thus, TLR responses are critical not just to infectious disease but during sterile inflammation as well.
Immune system dysfunction has been recognized to contribute to metabolic disorders for some time. A key contributor to metabolic diseases is chronic inflammatory responses that alter insulin sensitivity, lipid metabolism, atherosclerosis progression, and adipose tissue angiogenesis. For instance, free fatty acids activate macrophages in adipose tissue that skew them toward inflammatory responses and inhibit effective angiogenesis of adipose tissue (9) . However, metabolic pathways and immune responses are even more integrated than simple TLR recognition of excess lipid compounds. Cellular metabolic and immune responses are coordinated in such a manner as to ensure that immune cells have sufficient energy to carry out their cellular function (10) . This is most evident and eloquently demonstrated in macrophages. Antipathogenic responses of macrophages require glycolysis, while tissue repair requires b-oxidation (11). TLR activation is sufficient to elicit glycolysis, while interleukin-4 receptor activation induces b-oxidation. Interestingly, this metabolic programming is not one direction, as enhancement of b-oxidation hampers pathogenic responses, and vice versa. Also, critical to metabolic disease is the regulation and responsiveness of cells to insulin. As metabolic disease progresses, cells become less responsive to insulin. Interestingly, there seems to be a counterregulatory component in the interaction between insulin and TLRs. Insulin is capable of reducing the expression of TLR1, -2, -4, -7, and -9 in human mononuclear cells (12) . In turn, TLR activation makes macrophages resistant to insulin (13) . TLR expression is not exclusive to immune cells; numerous other cells, including b-islet cells, express TLRs (14, 15) . This would suggest that TLR3 function is critical to b-cell activity and insulin production and response during type 2 diabetes. However, the contribution of TLR3 to type 2 diabetes has been enigmatic and the study by Strodthoff et al. (1) begins to illuminate the contribution of TLR3 signaling during type 2 diabetes.
Major findings in the article by Strodthoff et al. (1) provide some of the most convincing evidence to date regarding the importance of TLR3 in regulating glucose metabolic responses. Using a mouse model genetically deficient for TLR3 combined with a high-fat diet (HFD), it was found that the loss of TLR3 augments glucose tolerance and increases circulating insulin levels after glucose stimulation. These responses were not associated with a change in whole-body insulin resistance or insulin sensitivity. Likewise, the loss of TLR3 resulted in decreased circulating VLDL associated with a decrease in circulating free fatty acids along with decreased hepatic hydroxymethylglutarylCoA reductase expression and triglyceride (TG) synthesis. Conversely, the activation of TLR3 in wild-type animals distinctly elicited opposite metabolic responses and increased TG levels, thereby closing the loop that TLR3 could possibly act as central metabolic regulator. TLR3 single nucleotide polymorphism analysis for a mutation predicted to blunt TLR3 function in two healthy cohorts found a significant association of this single nucleotide polymorphism with fasting insulin levels but not with glucose levels, providing clinical evidence for an important role of TLR3 as a metabolic regulator. Figure 1 illustrates key metabolic changes to HFD consumption in response to TLR3 activation or inhibition.
While these novel data revealed a potential new role for TLR3 in metabolic regulation, many key questions require further study, such as: is TLR3 differentially expressed in various tissues during diabetes or prediabetes? Does TLR3 differentially affect metabolic signaling pathways (e.g., AKT or AMPK) in various tissues? What are the endogenous TLR3 ligands produced during HFD metabolic dysfunction and do they elicit TLR3-dependent alteration of glucose metabolism? Does the loss of TLR3 fundamentally affect b-cell function or does it simply reduce the overall level of inflammation mediating tissue damage? Would pharmacological disruption of TLR3 serve as a useful therapeutic target to manage metabolic dysfunction? Additionally, an important issue is whether modulation of TLR3 activity would adversely impact innate immune responses of the host. Nonetheless, this latest report by Strodthoff et al.
(1) provides useful new information regarding specific roles of TLR3 activation and regulation of metabolic responses that further reinforce the dynamic relationship between innate immunity and diabetes, which just might reveal future therapeutic approaches. Figure 1-Modulation of TLR3 activity alters metabolic activity in response to an HFD. TLR3 activation decreases glucose tolerance and insulin sensitivity, while increasing serum VLDL and TG. Conversely, inhibition of TLR3 increases glucose tolerance, insulin sensitivity, and serum insulin, while decreasing serum VLDL and TG.
